As a new emerging area in chemical sensing, sensing using supramolecular aggregates exhibits unique advantages over that using conventional small-molecule chemical sensors, in terms of high sensitivity and selectivity, and the simplicity of the sensory building blocks. This Feature Article outlines the recent research progress made in sensing based on induced supramolecular aggregation-disaggregation. The reviewed sensory building blocks, in general, in the form of a small molecular sensor, yet with a much simpler structure, which form aggregates, are those of perylene derivatives, pyrene derivatives, tetraphenylethylene derivatives, metallophilic species and metal-organic frameworks.
Introduction
A molecular chemosensor in general consists of a molecular recognition site and a signal reporting group, which are either directly connected or linked by a spacer. 1 In order to achieve high sensing performance, for instance, high sensitivity and selectivity, the sensory molecule needs to be sophisticatedly designed. Inspired by the chelating effect observed in coordination chemistry, such as that observed with metal-EDTA complexes in which four amino acid binding sites are covalently linked within the same EDTA framework, and the specific biorecognition which relies on multiple weak and less selective interactions operating in a cooperative manner, sensing using aggregates that hold a more simply designed chemosensor(s) by noncovalent interactions was developed. 2 Here the chemosensorlike building block itself may exhibit less effective performance than the otherwise molecular chemosensor would have done, yet in its aggregated state a comparable or better performance can be achieved. Supramolecular chemistry, landmarked by the 1987 Nobel Prize of chemistry awarded to Lehn, Cram and Pedersen, 3 dealing with a complex of molecules that are held together by noncovalent bonds, has led to the buildup of diverse supramolecular architectures in a bottom-up approach. In a sense of employing noncovalent interactions, instead of covalent bonding, multidentate chelating ligands or enzymes are built in supramolecular chemistry by using one building block or a set of building blocks to form aggregates of them with the hope of achieving the chelating effect and/or the specificity in bio-recognition important for sensing. Indeed, supramolecular aggregation, driven by weak noncovalent interactions, such as van der Waals, p-p stacking, hydrogen/halogen bonding, metal coordination, electrostatic and even metallophilic interactions, 4 has been utilized to construct sensing platforms with enhanced selectivity and sensitivity. Supramolecular aggregates as sensing ensembles are advantageous over the conventional small-molecule chemical sensors in the following aspects ( Fig. 1 ). (i) The building blocks are assembled by means of relatively weak and dynamic noncovalent interactions, providing easy and facile approaches for manipulating supramolecular structures.
(ii) The supramolecular sensing system can be easily made water compatible by introducing water-soluble substituents into the building blocks, which provides enormous possibilities for such recognition systems to be applied for biological analytes in the aqueous phase. 5 (iii) The higher local concentration of the binding sites and the lower local concentration of water molecules around the binding sites in the aggregates substantially enhance the originally weak and water-susceptible interactions, which makes those otherwise insufficient binding events in water of the corresponding molecular sensors highly sensitive. Since in many cases the building block molecules are aromatic compounds with large p-systems, strong pÁ Á Áp stacking in the aggregates would make them conjugate-polymer like, affording an additional possibility for signal amplification. 6 The relative orientations among the binding sites in the aggregates can be tuned good for analyte binding, 7 resulting in high selectivity.
(iv) In particular, the aggregation or disaggregation process may involve cooperative interactions that also result in signal amplification, leading to higher sensitivity and selectivity as well. Therefore, using supramolecular aggregates from building blocks with easy design and facile syntheses could achieve even better sensing performance than that of molecular sensory systems that rely on sensors with delicate structures. A variety of supramolecular sensing systems have been developed. Yet, regarding analyte induced aggregation or disaggregation strategies, considerable progress has been made only with limited categories of building blocks, which operate for sensing via pÁ Á Áp stacking modulated photophysics of p-conjugated dyes, aggregation induced emission, metallophilic interactions, and more recently those emerging from highly ordered metal-organic frameworks. We highlighted in 2012 supramolecular aggregation/disaggregation-based molecular sensing in China. 8 With the rapid development of supramolecular sensing, it becomes necessary to update its current state of the art. In this Feature Article we accordingly review recent developments using supramolecular sensory ensembles consisting of the following five representative building blocks, i.e. perylene derivatives, pyrene derivatives, tetraphenylethylene derivatives, metallophilic species, and metal-organic frameworks (MOFs).
PBI derivatives
Derivatives of perylene dyes are extensively employed as molecular and supramolecular probes because of their strong absorptivity in the mid-visible spectral region, and thermal and photochemical stability. 9 In particular, perylene-3,4:9,10-bis(dicarboximides) (PBIs) have attracted much attention as optimal fluorescent dyes and been intensively utilized in fluorescent switches, molecular transistors and sensors. 10, 11 They have been considered to be excellent fluorophores in sensor design because of their excellent electron accepting ability and strong fluorescence in the monomeric and small oligomeric states. 12, 13 Furthermore, the PBI structure and the planar p-electron deficient aromatic nature are known to strongly promote the formation of aggregates through stacking interactions between the p-conjugated cores in a face-to-face fashion, forming H-aggregates, which result in fluorescence quenching and a hypsochromic shift of the absorption. 14, 15 Thus, great efforts have been made to develop PBI based supramolecular sensing systems, by equipping a binding site into the PBI structures. Easy and versatile derivatization makes the PBI framework more attractive. Jiang's group in 2010 reported the Hg 2+ selective PBI derivative 1 which bears an imide group similar to that in thymine (T) known to form the so-called ''T-Hg 2+ -T'' binding motif.
Thus, Hg 2+ was shown to be able to specifically induce aggregation of 1, leading to a dramatic fluorescence quenching of 1 and allowing for a highly sensitive and selective sensing of Hg 2+ .
More importantly, it afforded a nonfluorescent chemosensing ensemble ''(1-Hg) n '' for thiol-containing species (Fig. 2) . 16 Addition of thiol-containing amino acids to the 1-Hg 2+ ensemble solution induced dissociation of the aggregates and recovery of the fluorescence. For cysteine, a detection limit of 9.6 nM was achieved. It therefore represents a sensory system that works for both Hg 2+ and thiol-containing species. Since both the aggregation and disaggregation processes are cooperative, high sensitivity and selectivity were observed, despite the otherwise weak interaction of Hg 2+ with a simple imide group. This is the first report that shows that an imide group other than that from thymine could lead to a similar ''T-Hg 2+ -T'' binding motif for absorption and emission of the 18-crown-6 functionalized PBI 3b were not influenced by those metal ions of up to 7 equivalents. This observation suggests the vital importance of the size of the crown ether receptor in the metal ion templated assembly of the PBI derivatives, actually implying the subtle balance of multiple interactions involved in the templating and advantages of the supramolecular sensing.
The essential role of carbohydrate-protein interactions in maintaining diverse biological processes has attracted much Amphiphilic PBI dyes 5 and 6 functionalized with para-and ortho-phenylboronic acid moieties, for interacting with 1,2-/1,3-cis-diol to form a cyclic boronate ester, were designed as chirality sensors for a-hydroxycarboxylates. 20 The achiral compounds 5 and 6 existed as dimers or small oligomers in the absence of an a-hydroxy carboxylate, yet formed large aggregates upon binding it, resulting in a decrease in the absorption of the perylene chromophore around 500 nm. Strong induced Cotton effects were observed in the absorption window of the achiral perylene chromophore and were utilized for enantiomeric excess (ee) determination and discrimination of seven a-hydroxy carboxylates that bear no chromophore, with an average absolute error of 2% in ee determination and 100% correctness in analyte identification. Note that the boronic acid group that interacts with the chiral analyte is located far away from the chromophore, yet an effective chirality induction was shown by the coupled exciton CD signals from the latter. This example highlights the potential of using induced helical aggregation of achiral dyes for CD measurement of the ee of those chiral analytes bearing no chromophore. In principle it should also work for a chiral species that bears a chromophore but is far away from the chiral centre. This expands the scope of applications in chirality sensing of classic CD spectroscopy that normally requires the presence of a chromophore next to the chiral centre for direct measurements. It is the aggregation of the achiral building blocks upon interacting with the chiral species that leads to the transformation of the molecular chirality into supramolecular structures.
Molecular sensors for analytes with multiple functional groups are normally designed to have several binding sites that are well arranged to match the structures of the analytes, to achieve high sensitivity and selectivity. In terms of the supramolecular sensory ensemble, a set of monofunctional building blocks may form co-aggregates that thereby bear multiple binding sites as well and thus function similarly to the molecular sensors that contain a set of well-defined binding sites, yet greatly simplify the structure and syntheses of the building blocks. It should be emphasized that achieving a synergistic effect to overcome the entropic cost of forming such multicomponent co-aggregates is challenging. A successful example for sensing L-DOPA (7) was recently reported, employing the induced aggregation of a mixture of boronic acid and aldehyde functionalized PBIs 5 and 8. 21 Here the boronic acid group in 5
was expected to interact with the cis-diol moiety in L-DOPA, while the aldehyde group in 8 was expected to form an imine bond with the amine group in L-DOPA, both being reversible and dynamic. The three-component 5-L-DOPA-8 complex formed at low concentrations in aqueous solutions underwent aggregation, exhibiting a strong synergistic effect between the two orthogonal dynamic covalent interactions. The CD-based sensing of 7 at a micromolar concentration level can be carried out by simply mixing with two simple building blocks 5 and 8.
The high affinity towards 7 results from the stabilization by aromatic p-stacking between 5 and 8. The divalent binding of 7 to the 5-8 ensembles results in the formation of long fibrous PBI aggregates with a significantly larger size and stronger induced CD signals compared to the aggregates formed, respectively, by the 7-5 and 7-8 complexes in which only monovalent binding of 7 is possible. This report confirms that using a mixture of building blocks bearing different binding groups could indeed operate, at least to the same extent, as the molecular sensor that bears all those binding groups, since these much more easily designed and facilely synthesized building blocks may function cooperatively. This is important since many analyte targets may have more than one functional group so that the molecular sensors could be structurally complicated to ensure high binding efficiency.
Wang et al. 22 proposed a label free ultrasensitive fluorescence turn-on sensing scheme for DNA, using the cationic polyelectrolytes-induced aggregation of the negatively charged PBI dye 9 that is shown by the severe quenching of the emission of 9. The tested four cationic polymers 10-13 could induce almost complete quenching of the fluorescence of 9, but with varying efficiency as indicated by the concentrations of the polymers required to fully quench the emission, 300, 1150, 175, 50 nM, respectively. When a single stranded DNA (a polyanion) was added to the solution of the cationic polymer-9 aggregates, strong electrostatic interactions between the single stranded DNA and the cationic polymers released 9 from the aggregates, recovering the emission of 9. Aggregates 12-9 exhibited the best fluorescence recovery up to 89.8%, by only 1.5-2 nM DNA in ca. 5 minutes. This smart scheme allows a highly sensitive assay, with a limit of the detection of 2 pM for DNA. Based on the fact that alkaline phosphatase (ALP) could remove the phosphate group of the 5 0 -phosphorylated single-stranded DNA, thus preventing the DNA sample from being degraded by l-exonuclease, an assay for the highly sensitive detection of ALP activity was established using the 12-9 supramolecular sensory ensemble. Upon mixing with the DNA samples, the fluorescence of the aggregates 12-9 was turned on, reaching a limit of detection down to 0.02 mU mL
À1
. This represents the rare example of induced disaggregation of sensory building blocks, releasing them in an amplified manner that ensures high sensitivity.
Pyrene derivatives
As a simple aromatic fluorophore, pyrene has a large extinction coefficient, high quantum yield and good stability in aqueous solutions. Pyrene is known to form an excimer, due to its long lifetime of 10 2 ns orders of magnitude and its strong tendency for pÁ Á Áp stacking, thereby emitting structureless excimer fluorescence red-shifted by ca. 100 nm from the monomer emission. Pyrene has thus been used for a long time to design building blocks for supramolecular aggregates that form in the presence of an analyte. Yam's group 23 in 2009 developed a pyrene-based boronic acid fluorescence sensing ensemble for glucose, in which (i) the water-soluble boronic acid functionalized polymer 14 transformed into a polyanion upon binding with glucose and (ii) the positively charged pyrene derivative 15 electrostatically attached along the polymer backbone, in the aggregated form as indicated by the strong excimer emission at 492 nm. A linear response was found for glucose between 0 and 17 mM. Among a number of tested sugars, glucose produced the strongest excimer emission, which is likely due to the formation of 1 : 2 glucose-boron acid complexes that bring two pendant boronic acid moieties into close proximity, thus generating two adjacent negative charges which favour the aggregation of positively charged 15.
An aggregation-based glucose sensor 16 developed by Jiang's group clearly manifests the multivalent effect, with higher apparent affinity to glucose than to fructose, in such a simple phenylboronic acid derivative containing a pyrene fluorophore (Fig. 4) . 24 In an alkaline (pH 10) aqueous solution 16 at 0. 
Tetraphenylethylene derivatives
The concept of aggregation induced emission (AIE) 26 or aggregation induced enhanced emission (AIEE) 27 H NMR titrations led to tentative assignment of the structure of the 2 : 1 Fe 3+ /31 complex which is multicharged and thus more hydrophilic and tends to aggregate less in aqueous solutions. Again the system is sensitive with a limit of detection of 0.7 mM. Hydrogen peroxide is the least reactive and mild oxidant among reactive oxygen species (ROS), which are toxic to cells if the level of ROS exceeds the tolerable physiological range. Developing sensitive sensors to monitor the level of H 2 O 2 both in living cells and in the environment has attracted intensive attention. Zhang and co-workers 40 designed a H 2 O 2 -selective fluorescence sensor 32 which contains a TPE core and a H 2 O 2 -reactive group, arylboronate ester, which are linked via a pyridinium bridge (Fig. 7) . The pyridinium bridge makes 32 water-soluble, thus enabling it to exist in the monomer form and being nonfluorescent. Oxidative hydrolysis of 32 by H 2 O 2 generates the much less water-soluble product 33, which undergoes aggregation and therefore becomes highly fluorescent, allowing turn-on fluorescence sensing of H 2 O 2 with high selectivity as a chemodosimeter would normally exhibit. Indeed, among the tested reactive oxygen species such as H 2 O 2 , singlet oxygen, the hydroxyl radical, the superoxide anion and nitric oxide, enhancement of emission was only observed in the case of H 2 O 2 . The assay is highly sensitive as well, with a limit of detection for H 2 O 2 down to 180 nM. More importantly, since D-glucose can be oxidized in the presence of glucose oxidase to produce H 2 O 2 , the scheme shown in Fig. 6 can be applied for D-glucose as well.
Metallophilic interactions
Two closed-shell metal cations (such as Au + , Ag + and Cu + ) tend to have attractive interactions rather than repulsion when their distance is smaller than the sum of the van der Waals radii, as is the so-called metallophilic interaction (metalÁ Á Ámetal interaction). Metal-coordinated complexes with metallophilic interactions exhibit unique photochemical and photophysical properties, making them useful in many aspects, such as functional nanomaterials, 18, 22, 41 luminescent materials for ion recognition and sensing, 21, 42, 43 and chiral nanoclusters. 26, 27, 44 Our group has been interested in establishing a series of coordination polymers facilitated by argentophilic interactions, with the aim of achieving versatile sensors, choosing zigzag structured (Ag + -SR) n backbones.
A ratiometric luminescence sensor with outstanding sensitivity and selectivity for Ag + was established by forming coordination polymers with the thiol ligand NCys, which is an N-(1-naphthylacetyl)cysteine derivative designed to bear an aromatic fluorophore (Fig. 8) . 45 The in situ formed coordination polymers were an achiral thiol ligand that bears a binding group for chiral species, for chiral sensing. A first attempt was made with a thiophenol that bears a boronic acid group for interacting with saccharides ( Fig. 9) . 42 CD spectra of varying profiles were observed with the tested saccharides such as glucose and fructose, confirming that the chirality of the saccharide is transferred into the Ag + Á Á ÁAg + chromophore in the supramolecular sensory ensembles upon interacting with the boronic acid group to form the cyclic boronate ester. Glucose that interacts with the supramolecular sensor in a multivalent manner results in stronger CD signals whereas the monovalent fructose induced practically no or very weak CD signals. The CD spectral profile could be acquired to correlate to the saccharide identity. The observation made here is of relevance for understanding signal transduction in biological systems. Applying coordination polymers featuring metalÁ Á Ámetal interactions remains at its early stage and it deserves to be explored in a broad scope by designing new sensory ligands and employing other metalÁ Á Ámetal interactions. 
Metal-organic frameworks
Metal-organic frameworks (MOFs) with well-defined porestructures have evolved into functional materials for many potential applications. 46 Yet because of their poor stability in biological media, few of them have been applied to biosensing. Chen's group 47 is among the first to construct a water-stable Cu
2+
-based zwitterionic carboxylate three-dimensional MOF (34, Fig. 10 ), for the detection of DNA and RNA. This elaborately fabricated MOF affords multiple interactions with probe DNAs attached with the fluorophore FAM (P-DNAs), forming two P-DNA@34 systems. In addition, the detection is hardly interfered by analogous DNA or RNA sequences with one base pair mismatching, demonstrating its high selectivity. The reasons for the excellent sensing performance remain undisclosed, while the size of the pores in MOF was proposed to be a possibility. Wang et al. 44 carried out a noteworthy conceptual MOF-based ''turn-on'' fluorescence sensing using encapsulated AIE fluorophores for five-membered-ring energetic heterocyclic compounds (5MR-HCs, Fig. 11 ). 5MR-HCs are a kind of explosive, whose detection is urgently demanded to be explored. Adjusting metal nodes from Mg 2+ to Ni + and Co
, the weak luminescence of MOFs declines to be nonfluorescent, arising from the ligand-to-metal charge transfer (LMCT) effect. The CQN or NQN group in the 5MR-HCs could destroy the coordination bonds in MOFs through competitive coordination to the metal nodes, releasing the encapsulated AIE fluorophore TABD-COOH which aggregates spontaneously and emits enhanced fluorescence. The method is sensitive in that 5MR-HCs down to 40 nM can be detected via the fluorescence signal while that at 6.5 ng cm À2 can be identified by the naked eye in several seconds. Releasing the building components from the polymeric MOFs affords signal amplification by an exponential expansion of the amount of small components and by the subsequent AIE of these components. Actually luminescent MOFs have become excellent candidates for the detection of explosives, thanks to their easy syntheses and structural diversity. Zheng et al. 48 built two luminescent MOFs, whose photoluminescence is quenched only by picric acid (PA), a highly electron-deficient nitrobenzene derivative. Electron-rich p-conjugated fluorescent ligands are introduced as electron donors, which transfer their electrons to the electron-deficient analytes leading to fluorescence quenching. The resonance energy transfer mechanism is also operative, making it an effective sensor for PA. A similar mechanism of electron transfer is shown to operate in Lu's system with high thermostability up to 500 1C. 49 The MOF material with high porosity allows its framework to accommodate guests of varying sizes. The highly stable MOF fluorescence sensor is able to detect a trace amount of nitroaromatic explosives, selectively with no interference from water. Fluorophore modified MOFs represent highly promising sensors as their porous structures accommodate guests of suitable size with the possibility of close contact, leading to highly effective electron and/or energy transfer that ensure high sensitivity, together with high selectivity.
Conclusions and perspectives
Despite the unique advantages of supramolecular sensors and the tremendous success they have achieved, they are still at a very early stage for practical applications. This Feature Article is thus hoped to provide an overview of the current state of the art; particular attention is given to how supramolecular aggregates have been applied for sensing to achieve a better performance, while the designing of chemosensor-like building blocks is much easier. Given the fact that supramolecular aggregates have been extensively studied for many decades and many of the outcomes of those efforts can be extended to the new applications outlined here, we thus wish to invite those working in the field of supramolecular aggregates to join together, bringing in their expertise to facilitate the exploration of aggregates for sensing. There are indeed several concerns that remain to be clarified, for example, the size distributions and concentrations, and even the morphology of the aggregates in complicated systems, to ensure whether they may or may not influence the sensing signaling. High enough local concentration of the building blocks needs to be loaded into bio-systems such as cells to allow aggregation and consequently to perform in vivo sensing and imaging. Future exploration of supramolecular aggregate based sensors is perhaps directed towards detecting diverse biologically important species, to meet the requirement for practical applications such as clinical detection and medical examinations. For example, the development of simple and reliable sensors for point-of-care personalized medicine holds great potential.
